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Chemical Reactions of Organic Compounds
on Clay Surfaces
by Yuko Soma* and Mitsuyuki Soma*
Chemical reactions of organic compounds including pesticides at the interlayer and exterior surfaces
of clay minerals and with soil organic matter are reviewed. Representative reactions under moderate
conditions possibly occurring in natural soils are described. Attempts have been made to clarify the
importance of the chemical nature of molecules, their structures and their functional groups, and the
Bronsted or Lewis acidity of clay minerals.
Introduction
Reactions oforganic molecules on clay minerals have
been investigated from various aspects. These include
catalytic reactions for organic synthesis, chemical evo-
lution, the mechanism of humus-formation, and envi-
ronmental problems. Catalysis by clay minerals has
attracted much interest recently, and many reports
including the catalysis by synthetic or modified clays
have been published (1,2). In this report we will limit
the review to reactions on clays in moderate reaction
conditions possibly occurring in natural soils.
The environmental aspects of organic compounds
chemically reacting on clay surfaces relate to those in
soils. Three main types ofthe transformation oforganic
compounds in soils are considered: photodecomposition,
chemical transformation, and microbiological degrada-
tion (3,4). Although simultaneous chemical and micro-
biological transformations in soils are difficult to distin-
guish, it is generally accepted that the degradation of
most organic compounds in soils involves microorgan-
isms because the sterilization of soils greatly reduces
the rate of degradation of many chemicals (5).
Many factors influence the adsorption oforganic mol-
ecules on soils and clays. Khan (6) classified the mech-
anism of adsorption on soils depending on the natures
of pesticides and soil surfaces, such as van der Waals
attraction, hydrophobic bonding, hydrogen bonding,
charge transfer, and ligand exchange. The adsorption
process on soil surfaces plays an important role for
chemical reactions, while adsorption-except when due
to van der Waals attraction-might make microbio-
logical degradation difficult (6). Thus, forcertainorganic
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compounds chemically activated by adsorption, chemi-
cal transformation may be significant.
Most experiments about the transformation of
organic compounds in soils have been concerned with
the decomposition ofthe parent molecules, butthe com-
plete metabolic degradation pathway; the degradation
products; and the resultant residues in soils are rela-
tively unknown and have received little attention (3).
The transformation products may also exhibit signifi-
cant biological activity. The degradation products
observed in soils might be transformed further; for
example, chloroaniline transformed from chloropro-
phram (isopropyl N-(3-chlorophenyl)-carbamate) (7).
The formation ofazobenzene, azoxybenzene, and phen-
azine, which have a steric similarity to dioxin (8), were
observed in the adsorption ofaniline in sterile soils (9).
Components ofthe soilthatmayinducechemicalreac-
tions oforganic compounds will be clay minerals, metal
oxides, metal ions, and soil organic matter. The isolated
reaction on pure clays might not be possible in actual
soils, but the reaction on the surfaces of composite or
complexed systems such as those of clays and organic
matter should be considered (10). Moreover, rates of
transformation in soils depend on many other factors
such as temperature, humidity, and atmospheric oxy-
gen (4). However, it is essential to clarify the role of
clay minerals in the transformation of organic com-
pounds in orderto knowthe complete degradation path-
ways of organic pollutants such as pesticides in soils.
In this report, we review representative reactions on
clay surfaces where the reaction mechanisms have been
studied systematically in relation to the chemical
natures ofmolecules and the surface properties ofclays.
The features thus obtained might be extended to apply
to other organic reactions on other clay surfaces and
those from field observations. Interactions of organic
molecules with soil organic matter will be briefly dis-
cussed.SOMA AND SOMA
Structures and Acidic Properties of
Clay Minerals
Clay minerals are aluminosilicates. Most ofthem are
classified as phyllosilicates, having layered structures
comprising tetrahedral silicate and octahedral alumi-
nate sheets. The tetrahedral cation, Si4, in the compo-
sition O/Si = 2.5, can be replaced by Al3` or Fe3`
cations, and the octahedral cations normally are Al'+
Mg2+, Fe2" and Fe3+. The 1:1 layer type, which is
represented by kaolinite, has a layer linking one tetra-
hedral sheet with one octahedral sheet (Fig. la). Mont-
morillonite clays, which have been most often used in
organic reactions, have a2:1 layertype, where one octa-
hedral sheet is sandwiched by two tetrahedral sheets
(Fig. lb). Inthe 2:1 layer-type silicates, the substitution
of Si4+ by Al3` in a tetrahedral sheet (muscovite)-or
that of Al3" by Mg2` (montmorillonite), Mg2+ by Li+
(hectorite) in an octahedral sheet-results in a positive
charge deficiency (11). To balance the layer charge, cat-
ions are introduced between the layers. Interlayer cat-
ions in the smectite group (montmorillonite, hectorite)
and the vermiculite group are hydrated exchangeable
cations. In natural clays these are typically Na+, K+
Ca2+ and Mg2+; similar ions can be exchanged with
these ions. The cation exchange capacity, intercalation,
and swelling properties make smectite clays unique and
are important factors in their activity for various reac-
tions of organic molecules.
Wenote thatclays dried to lowwatercontentsbehave
as acids (1,2). Cation-exchanged montmorillonites act
as strong Bronsted acids, where the reactive protons
are derived fromthe dissociation ofhydrated watermol-
ecules because ofpolarization by exchangeable cations.
This situation mayberepresented bythefollowingequi-
librium reaction:
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The interlayer acidity is found to increase with increas-
ingcharge to the radius ratio ofthe cations (Al3+, Mg2+
> Ca2+ > Li+ > Na+ > K+) and with decreasingwater
content ofthe interlayers (10). The dried clay minerals
(H20 < 5%) can develop a high-surface acidity as con-
firmed by measurements ofacid strength, equivalent to
90 wt% or more of sulfuric acid (10). Hydroxyl groups
in the lattice structure or at the crystal edge also act
as Bronsted acids and play an important part under
anhydrous conditions and/or at elevated temperatures.
Acidity of pure kaolinite will arise from these sites.
Lewis-acid sites (electron-accepting sites)inclaymin-
erals are considered to be derived from the interlayer
transition-metal ions which are higher-valencpy-state
Fe3` ions within the silicate structure and Al + ions
exposed at crystal edges (10,12). Organic molecules and
water compete for Lewis-acid sites in the interlayer,
and the interlayer water must be removed for the oxi-
dative reaction of organic molecules to proceed. Thus,
Lewis acidity may persist underdehydrated conditions.
Reactions due to Bronsted Acidity
A variety of catalytic reactions have been investi-
gated on suitably cation-exchanged montmorillonites,
and most ofthese reactions are believed to be catalyzed
by the Bronsted acidity in clays (1,2). Adams, Ballan-
tine, and their coworkers (13-21) examined the reac-
tions of alkenes on cation-exchanged montmorillonites
under moderate reaction conditions. The reaction of
methanol andisobutylene usingcation-exchanged smec-
tites at60°C in asealed vesselgavemethyl-t-butylether
(MtBE) and a minor amount of t-butanol, which cor-
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FIGURE 1. View of structures of kaolinite (a), and smectite (b).
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responded totheamount oftheinterlayerwater(13,14).
These products were considered to be formed via the
following acid catalyzed reactions:
Me
+H 0 Me-~C-OH Me +H+ Me + Me 2 -a-(2)
M~C=CH2 CN me 2 ~ ~ Me(2)
+MeOH Me
Me-C-O-Me
Me/
The yield of MtBE was greater where the interlayer
cation was Fe3, Cr3+ or Al3+, rather than with the
monovalent or divalent cations. This resulting yield is
probably because trivalent cations have agreaterpolar-
izing power for the hydration water.
Shape selectivity was found in the reaction ofvarious
alkenes with butanol over Al3+ ion-exchanged mont-
morillonite below 100°C (15,16). The only reactions
occurring were those in which a tertiary carbocation
could be formed from the reactant alkene directly on
protonation; 2-methyl pent-1-ene, 2-methyl hept-2-ene
gave their tertiary ethers with minor amounts of the
tertiary alcohols. At temperatures above 100°C (150-
180°C) the reaction involving secondary carbocation
intermediates also occurred: cis-, trans-4-methyl pent-
2-ene, 4-methyl pent-1-ene, which gave their secondary
ethers.
The differences in reactivities below and above 100°C
are related to the amount ofwater present in the inter-
layer of clays, which is then related to proton concen-
tration in the interlayer. Tertiary and allylic carboca-
tions are known to be more stable than secondary or
primary carbocations. The interlayer environment
below 100°C is considered (thoughless acidicthan above
100°C) sufficiently acidic to produce tertiary and allylic
carbocations, but insufficiently so as to produce second-
ary or primary carbocations (16).
When cation-exchanged montmorillonite was treated
with straight-chain 1-alkenes below 100°C, the corre-
sponding secondary ethers were produced using the
interlayer adsorbed water (13,17). The whole of inter-
layer water converted to ether and the reaction ceased
once the interlayer water was depleted (17,19). This
reaction of 1-alkenes was unique because, usually, the
reaction of alkenes occurring at low temperatures pro-
ceeded via tertiary or allylic carbocation intermediates.
A secondary alcohol-type intermediate might be formed
by the addition of water coordinated to the interlayer
cation (17,18). Further reactions to the di(2,2'-alkyl)
ether took place, provided the intermediate had a suit-
able configuration.
In the dehydration reaction of alcohols at 200°C on
Al3+-montmorillonites (20), primary alcohols mainly
produced di-(1-alkyl) ether involving an intermolecular
coupling reaction, but secondary and tertiary alcohols
yielded alkenes almost exclusively. Esters were pro-
duced from the reaction between carboxylic acids and
C2-C8 alkenes above 100°C on cation-exchanged mont-
morillonite. The efficiency for conversion was high in 1-
alkenes, whereas the reactions in solution were feasible
only with alkenes that produced highly stabilized car-
bocation intermediates (21). Thus, in the interlayer of
montmorillonite, molecules thathavethereactive group
at the end ofthe aliphatic chain may easily undergo an
intermolecular coupling reaction above 100NC where
secondary carbocations are easily formed.
Yaron and his coworkers studied organophosphorus
pesticides-clay interactions, the adsorption and reaction
on three types of clay (montmorillonite, kaolinite, and
attapulgite) in detail, and summarized their results
(22,23).
Organophosphorus pesticides such as parathion and
methylparathion have the following chemical formula:
0 (S)
RO....p--Po-x
RO0-- (5)
(3)
The pesticides adsorbed on clays degrade through the
hydrolysis of the phosphate ester bond to nitrophenol
and phosphate.
S
EtO4O..4 O
EtO
2 + HO 10 E03
2N
(4)
EtON II
+ P-OH
EtO -
The rate of hydrolysis was affected by the clay's type,
saturating cation, and hydration status. Kaolinite was
found to enhance the degradation. The degradation of
parathion after40 days on oven-dried kaolinite was 93%
for Cu-saturated kaolinite and 16% for Na- and Al-
kaolinites (20).
Although montmorillonites adsorbed more parathion
than the kaolinites, they were less efficient for the
hydrolysis of parathion than kaolinites. Methylpara-
thion was less stable than parathion in aqueous solu-
tions, while that adsorbed on kaolinite surfaces seemed
more stable than parathion adsorbed on kaolinite.
The addition of water to kaolinite corresponding to
bound water at about 11% moisture content increased
the degradation rate, but a slight increase in the mois-
ture content above this percentage resulted in a steep
decrease in the dehydration rate. The presence of free
water hindered almost completely the catalytic effect
of the clay surface (24).
From these results, a model was proposed where the
attack of a ligand water molecule by an exchangeable
cation on the P-O(S) bond induced hydrolysis, and the
presence offree water blocked the active sites required
for decomposition (25). Infrared spectra of parathion
adsorbed on dehydrated clays showed that parathion
directly coordinated to the metal cations through the
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oxygen atoms ofthe nitro-group and through the P=S
group (26).
In hydrated clays, parathion was observed to coor-
dinate through water molecules to the cations. Thus, it
was proposed that several cations may interact with
one ester molecule, and a P-O bond is weakened
through an inductive effect particularly through the
nitro group (25). The difference in the hydrolysis rate
ofsome organophosphorus pesticides may be explained
because ofthe difference in the inductive field effect of
electron-attracting groups for the weakening P-O
bond.
Yaron's group extended their studies to the reaction
in soils (23). Parathion is relatively nonpersistent in
soils, and biological degradation is considered to be the
predominant mode of degradation, while chemical deg-
radation is considered to be a relatively slow process.
Chemical decomposition in kaolinitic soils was faster
than in montmorillonite soils, in agreement with the
results in pure clays. Parathion degradation decreased
with an increase in the soil organic matter, because of
the decreased number of active sites available for the
decomposition by coating the soil surfaces. This ten-
dency, a decrease in the rate ofhydrolysis by the addi-
tion of humic acid to clays, was also observed in the
hydrolysis of1-(4-methoxyphenyl)-2,3-epoxypropane on
Na-kaolinite and montmorillonite (27).
Hydrolysis of another organophosphorus pesticide,
phosmet (0,0-dimethyl S-phthalimidomethyl phos-
phorothionate) has been studied using montmorillonite
clays (28). The activity depended also on the interlayer
cation in the following way: Ca > Ba > Cu > Mg >
Ni. The formation ofthe bidentate complex through the
P=S bond and aromatic ring was considered to be
important for catalytic hydrolysis.
Reactions due to Lewis Acidity
The interaction between Lewis-acid sites and ad-
sorbed organic molecules is an electron transfer from
organic molecules to metal cations (29); thus, the for-
mation ofradical cations and the reduction ofmetalions
to lower valency are observed simultaneously. The suc-
cessive dimerization, oligomerization, orpolymerization
proceeds through the radical cation formed. The reac-
tion rate depends on the degree ofdehydration ofclay
minerals, which ensures the direct coordination of or-
ganic molecules to metal ionsreplacingwatermolecules
and the ionization potentials of organic molecules. In
some oxidative reactions, such as those of aromatic
amines and phenols, oxygen assists in the fornation of
radicals (cations), evenintheabsenceoftransitionmetal
ions.
Certain aromatic molecules adsorbed on a transition-
metal ion (Cu2+, Fe3+, VO2+, Ru3+)-exchanged mont-
morillonite form colored adsorption complexes; the typ-
ical molecules studied are shown in Figure 2 (30-40).
The initial step in forming these colored complexes in-
volves an electron transfer from the adsorbed organic
molecules to the interlayer transition-metal ion (31,32),
whichmaybe followedbythe oxidative transformations
ofthe molecules. Several colored adsorption complexes
have characteristic absorption in the near infrared re-
gion (so-called Type II complex) (30,31,33,34), besides
an ESR signal of a free cation radical. However, the
absorption inthe nearinfrared regibon was not observed
in some colored adsorption complexes, despite the ESR
signal (31,35), which confused the reaction scheme of
these aromatic molecules in the interlayer oftransition-
metal ion-exchanged montmorillonites. Recently, de-
tailed spectroscopic information concerning the struc-
ture of adsorbed species was obtained from resonance
Raman spectroscopy (36-40). Colored adsorption com-
plexes(cationradicals), whichareformedaccompanying
the reduction ofmetal ions, are divided intothree types
according to the structures ofsubstituted benzenes and
thiophenes:
(5) Mfn+ + x X-H M(nl)+ + (XiX)+
N=:l+H20 ZIVlC
n etMebMe r-2- (n-1)+ + 6 -HO l20
+ (MeIMe)+ (6)
Mn + Oy -O M + ( I H20
kMn+
I+
Y
. (n- l)+ + (yl ~y)
11~
en+ (YO Y) (7)
+ mO -.u kM(n-l)+ + ( " )k+
-H20 11+H2Q
2
kMn+ + (- )m
(8)
kMn + m n - kM(n-1) + + (j )k+
-H20 lil +H 0 .2
kMn+ + (1J m
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The formation ofthese radical cations in the interlayer
of montmorillonites [Reactions (5)-(7)] were enhanced
by dehydration and returned reversibly to theirneutral
forms by hydration. Reaction (5) was observed in 1,4-
disubstituted benzenes, 4,4'-disubstituted biphenyls,
2,5-dimethylthiophene as shown in Figure 2 (32,34).
Mono-substituted benzenes tended to form the radial
cation of4,4'-disubstituted biphenyl type through their
parent cation radical, as observed for anisole (31,34).
Benzene, biphenyl, thiophene, and 3-ethylthiophene
formedthe stablepolymercations, poly-p-phenylene ca-
tion, polythiophene cation and polymethyIthiophene ca-
tion respectively (37,40). Thus, the radical cations may
remain stable when the para-positions of the benzene
ring are occupied by stable substituents, or they
undergo polymerization when the para-position is open.
In the case of thiophene or pyrrole, the radical cation
polymerizes at the 2 and 5 positions.
Strong absorption in the near infrared region (char-
acterized by so-called Type II complex) was confirmed
to be low-energy electronic absorption, which was char-
acteristic in conjugated polymer ions (37). Thus, only
molecules which undergo the Reaction (8) show Type
II complex behavior.
These reactions depend both on the ionization poten-
tial of aromatic molecules and on the oxidizing power
ofthe interlayer metal ion. Onlymetalions with enough
oxidizing power such as the Fe3+, Cu2" and Ru3+ ions
can produce these radical cations and make the subse-
quent reactions possible.
Forpredictingtheoccurrenceoffreeradicaloxidation
on soil and clay surfaces, Dragun and Helling (41) di-
vided 93 organic chemicals into four groups, based on
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FIGURE 2. Ionization potentials of aromatic molecules grouped ac-
cording to their adsorption behavior on transition-metal ion-ex-
changed montmorillonites. Sections 1, 2, and 3 in the figure cor-
respond to the reaction schemes (5), (6), and (7) in the article.
thechemicalstructure (Hammettsigmaconstantforthe
para position on the benzene ring) and water solubility.
Organic chemicals that have electron-withdrawing
groups and low-water solubility, including halogen-con-
taining aromatic chemicals, are considered to have
structures that make free radical oxidation difficult on
soil and clay surfaces. Organic chemicals with electron-
donatinggroupsusuallyhavelowerionizationpotentials
than those with electron-withdrawing groups; thus,
Hammett sigma constants and ionization potentials
have a similar trend.
Aromatic molecules that have low ionization poten-
tials can be oxidized, not only by the interlayer tran-
sition-metal ion, but also by Al or Fe atoms at crystal
edges (42,43) and, in part, by adsorbed oxygen. The
typical examples are the reactions of several aromatic
amines, such as the benzidine-blue reaction, which is
the famous and classic reaction on clay minerals (10).
Coordination ofaromatic amines to metal ions is strong
and can compete with that of water in colloidal clays;
the oxidation proceeds even in aqueous suspension of
clays. Silicate minerals other than montmorillonite,
such as pyrophyrite, illite, attapulgite, and kaolinite,
are able to oxidize benzidine to benzidine-blue (42).
Some aromatic amines other than benzidine, such as
N,N,N',N'-tetramethylbenzidine, triphenylamine, and
p-phenylenediamine, exhibit blue or green color in con-
tact with aqueous suspensions of Na+-montmorillonite
(44). In benzidine adsorption, the Na+ ion was released
into solution with the accompanyingintercalation ofthe
benzidine cation. Thus, benzidine was oxidized at
Lewis-acid sites at the exterior surface; thereafter, the
benzidine radical cation ion-exchanged with the inter-
layer Na ion and stabilized (44).
The benzidine radical cation is oxidized further to a
yellow form under high acidity conditions (in low pH or
dehydrated state ofclayminerals). The structure ofthis
yellow complex has been explained variously, such as a
protonated monoradical cation, oradiimine orquinoidal
cation. The following disproportionation mechanism to
produce the yellow complex is supported from various
experimental evidences (45-47):
2BZN + 2H+ - sBZN2 + BZNH2
blue yellow
(9)
The radical cation of benzidine (BZN+) adsorbed on
montmorillonite is easily transferred to the di-cation
(BZN2+), compared with that of N,N,N',N'-tetrame-
thylbenzidine (TBZN+). This behavior occurs because
of the presence of the sterically bulky methyl groups
that mayinhibit close approach ofTBZN molecules nec-
essary for the above reaction to proceed in the clay
mineral interlayer (45).
Aniline and p-chloroaniline are oxidized on Fe-, Al-
and H-montmorillonite in air to colored complexes
(48,49), and the formation of a polymer with a linear
polyaniline chain has been observed (43). Additionally,
the formation ofthe benzidine cation in the adsorption
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of aniline or N,N-dimethylaniline of Fe- and Cu-mont-
morillonites was confirmed by resonance Raman spec-
troscopy, where the interlayer transition-metal ion was
necessary to form the benzidine type cation from aniline
or N,N-dimethylaniline (50).
Azobenzene, azoxybenzene, phenazine, and benzo-
quinone were extracted duringthe adsorption ofaniline
on sterile soils (9). Thus, it is supposed that a similar
oxidative intermolecular coupling, as on metal-ion ex-
changed montmorillonite, may proceed chemically in
soils.
The oxidative polymerization of phenols also readily
proceeds with Al or Fe atoms at their crystal edges,
and it is enhanced by adsorbed oxygen. Reactions of
phenols on clay minerals have been investigated in re-
lation to the formation ofhumus in soils (51). Oxidative
polymerization easily proceeded for phenol, methyl-
phenols, and o-chlorophenol adsorbed on metal-ion (Fe,
Al, Ca, Na)-exchanged montmorillonites. Dimers, tri-
mers, and tetramers ofthe parent phenol, and the cor-
responding quinones were found by using HPLC and
mass-spectrometry. This polymerization reaction of
phenol and methylphenols was favored in the presence
ofair, but not for chlorophenols (52-54). The degree of
polymerization and its amount was in the order of
Fe-> Al-> Ca-> Na-clay. The existence of substi-
tuents on the benzene ring markedly reduced polymer-
ization ofphenols (55). Oligomers that have six to eight
benzene rings were detected in the adsorption ofphenol
on Cu- or Fe-montmorillonite, while the main products
of 2,6-xylenol were dimer-diol (3,5,3',5'-tetramethyl-
4,4'-dihydroxy biphenyl) and the corresponding qui-
none. This demonstrates that the oxidative dehydro-
genation ofphenol atthe ortho-position tothe OH group
allows the formation of polymers. The primary mech-
anism of polymerization involves the radical species.
Hydroperoxyl radicals (OOH) formed from surface-ad-
sorbed oxygen (53), and exchangeable transition-metal
ions such as Fe3, can provide organic radical cations.
The different behavior in polymerization ofphenol from
the oxidationreaction ofother aromatic molecules isthe
negligible amounts of the transition-metal ion in a re-
duced state and the free radical observed during the
reaction. The amount of polymerized products far ex-
ceeds that of the transition-metal ion in the interlayer
(55). Thus, the re-oxidation ofthe interlayer transition-
metal ion by oxygen should be considered:
2Cu + 1/202 + 2H -- 2Cu2+ + H20 (10)
The formation of radical cations in the adsorption of
pentachlorophenol (PCP) and dioxins (dibenzo-p-dioxin,
1- and 2-chlorodioxins) on Cu2+-smectite under mod-
erate conditions was observed (56,57). These radical
cations were dimers and trimers of the parent mole-
cules, as revealed by mass spectrometry. These oligo-
merization reactions may become new approaches for
the degradation or alteration ofhazardous wastes such
as dioxins (56,57).
Differences between the oxidative reactions on the
clays described above and those in solution are as fol-
lows:
* The molecules that easily penetrate into the inter-
layer of clay minerals can react easily on clay sur-
faces. Molecules to the right side ofthe vertical dot-
ted line in Figure 2 are not appreciably adsorbed.
The amount oftheir radical cations formed is small,
probably because of their rigid and/or bulky struc-
tures. The conjugation length of polythiophene
formed in the interlayer of Cu-montmorillonite is
longercompared withthat synthesized electrochem-
ically in solution; whereas that of polymethylthio-
phene is contrary (40). This difference may have
been caused from the steric hindrance in the ad-
sorption of methylthiophene in the interlayer.
* The radical cation is stabilized in the interlayer of
clay minerals. Also, the reactions are not as re-
stricted to highly stable cations as those in solution.
As Laszlo (1) explains, "Adsorption onto the sur-
facesofalayeredmineralreducesthedimensionality
ofreaction space from three to two. This constraint
translates into vastly increased encounter rates."
Interactions With Soil Organic
Matter
In this section, we briefly discuss the interaction of
organic compounds with soil organic matter, especially
with humic substances (humus), which are the major
constituents of soil organic matter. Humus may be de-
fined as brown-colored organic polymers in soil with
irregular and varying arrangements of segments.
Humic substances are divided into three fractions ac-
cording to their aqueous solubility at different pH val-
ues. They are the alkali- and acid-soluble fulvic acid,
alkali-soluble and acid-insoluble humic acid, and alkali-
and acid-insoluble humin. The structure of blocking
units, which constitutesthe skeletonofhumicpolymers,
is still a matter of debate (58). Often the phenolic unit
has been inferred as the major constituent (59). How-
ever, the importance of carbohydrate-amino acid con-
densate, melanoidin, known as the product ofthe Mail-
lard reaction, has been re-emphasized recently (60,61).
Theinclusion ofthistopicinthe presentreviewispartly
because clayminerals are usually associated with humic
substances in the soil (62-65), and also because humus,
an organic colloid, itselfis a constituent ofthe clay frac-
tion when soil is fractioned according to the particle size
of its constituents. Soil organic matter undoubtedly
plays an important role, directly or indirectly, in the
chemical transformation of organic compounds in soil.
Physical sorption of organic compounds by soil organic
matter (66-70) will not be discussed here.
Several mechanisms ofthe chemical activation of or-
ganic compounds by soil organic matter are expected.
The relevant interactions (71) may involve general acid-
base catalysis resulting from the acidity and basicity of
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soil organic matter, catalysis by metal cations bound to
humic substances, photochemical processes, and the
bonding or strong complexation to humic substances.
Because of a weaker acidity of humic substances, as
compared with clay minerals, extensive works on their
acid-base catalysis have not been reported. The last
mechanism may include the formation ofcovalent bond-
ing between organic compounds and humic substances
and will be our principal interest.
The existence of strongly bound residues of organic
chemicalsinsoil, not extractedbyexhaustive extraction
using various solvents, wasdemonstrated whenthefate
ofpesticides in soil was studied by 14C radiolabeled pes-
ticides (72,73). They were bound mostly to humic frac-
tions of soil. To date, the most studied class of com-
pounds are anilines, which are the intermediates in the
environmental degradationofmanypesticidesand other
industrial chemicals. 3,4-Dichloroaniline is microbially
liberated from the parent herbicide propanil (3,4-di-
chloropropionanilide). Bartha and Hsu (74,75) showed
that the binding of 3,4-dichloroaniline to soil organic
matter was not a microbial process and proceeded
physicochemically. The addition of a free radical inhib-
itor to the 3,4-dichloroaniline-humic acid system had no
effects on the bonding. Of several humic monomers,
aldehydes and quinones were shown to react with 3,4-
dichloroaniline. Parris studied the kinetics of bonding
of aromatic amines to humate (76). The reaction could
be divided into two parts, i.e., the initial rapid and
reversible part (phase I) and the later slow, and not
readily reversible part (phase II). Since the phase I
reaction was reversible by hydrolysis, it was attributed
to the reaction between the amino-group with carbonyl
in humate to form imine (anil, Schiffs base) (75).
ArNH2+ O=CR2-- ArN=CR2+ H2 2 2 =r- 2 H20 (11)
Because of its reversibility by hydrolysis, this binding
mechanism contributes little to the persistence of ani-
lines in soil. In phase II, anilines were considered to
attach to the quinone ring of humate by Michael addi-
tion, followed by oxidation to form stable amino-
substituted quinones, for example:
0
R 'AR ' (12)
tHR
Amino-parathion (72) and amino-CNP (77), which are
the intermediates ofdegradation oftheircorresponding
parent nitro-pesticides, parathion (O,O-diethyl O-p-
nitrophenyl monothiophosphate) and CNP (2,4,6-tri-
chlorophenyl 4-nitrophenylether), respectively, were
also shown to be bound in soils.
Ohisa and coworkers (78) studied the reaction be-
tween amino-CNP and humic acid in the presence of
nitrite. When these compounds were mixed in solution,
the absorbance in the wavelength-region characterizing
humic substances increased remarkably. The change
corresponded totheprogress ofhumification. Thebound
amino-CNP was not recovered by alkaline treatment,
but by reduction with Na2S204. Gel filtration chroma-
tography of the products indicated the increase in the
humic acid's degree ofpolymerization. Itwas suggested
that amino-CNP was incorporated into the humic acid
via diazocoupling, combining two humic acid molecules.
Khan and coworkers (73,79-81) used pyrolysis under
an inert atmosphere in order to release 14C residue of
bound s-triazine pesticides, prometryn [2-methylthio-
4,6-bis(isopropylamino)-s-triazine], and atrazine (2-
chloro-4-ethylamino-6-isopropylamine-s-triazine) from
soil and soil humic fraction. They recovered a consid-
erable amount of the parent pesticides and suggested
that these pesticides might be bound to the humic ma-
trix, not by covalent bonding, but by a manner similar
to the formation ofinclusion compounds.
WorobeyandWebster(82)appliedasimilartechnique
to release tightly complexed 4-chloroaniline from soils
and soil humic acids and found intact 4-chloroaniline,
though to a lesser extent. Accordingly, the nature of
bonding between pesticides and humus remains to be
studied further. The use ofdeuterated compounds may
partlyreveal the relative contribution ofcovalent bond-
ing and molecular (inclusion) complexation.
Mathur and Morley demonstrated the incorporation
of methoxychlor [1,1,1-trichloro-2,2-bis(p-methoxy-
phenyl)ethane], a relatively nonmobile pesticide, into
humic substances duringits formationbothbymicrobial
(83) and purely chemicalprocesses (84). Fromthehumic
material formed from culture containing methoxychlor
and a fungus, no methoxychlor was detected in the ben-
zene extract. However, degradation ofthe same humic
material by incubating with another fungus revealed
methoxychlor. Hydroquinone was polyermized into a
humic acid analogue in the presence of 14C-methoxy-
chlor. Thepolymercontained 14Candwasunextractable
with acetone/hexane(1:1).
Cross-coupling of2,4-dichlorophenol, degradation in-
termediate of 2,4-D (2,4-dichlorophenoxy acetic acid),
with phenolic humus constituents such as orcinol, sy-
ringic acid, vanillic acid, and vanilline-catalyzed by
phenoloxidase-resulted in the formation of oligomers
as revealed by mass spectrometry (85). This mode of
coupling may relate to the observation that, although
pentachlorophenol was effectively bound to soil humic
fraction, it was not bound to the isolated humic orfulvic
acid (86).
As previously described, clay minerals can stimulate
polymerization to form humiclike substances. They also
accelerate the microbial formation ofhumic substances
(63). Since humus in the soil is considered to be in a
dynamic state ready to further reactions, clay minerals
may catalyze the reaction ofhumic substances with or-
ganic molecules. The roles of humus-clay complexes in
the reaction oforganic compounds should be the subject
of further studies.
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Summary
Clay minerals are an important soil component. They
act as Bronsted acids or Lewis acids for organic mole-
cules. This property is derived from the minerals' char-
acteristic structures. Various kinds of reactions for al-
kenes and dehydration ofalcohols occuronclayminerals
under moderate reaction conditions. These reactions
proceed catalytically on Bronsted acid sites onclaymin-
erals. Thegeometrical constraints imposedbythestruc-
ture of clay minerals result in increased specificity of
the reaction. Hydrolysis of organophosphorous pesti-
cidesis enhanced onkaolinite, andtherate ofhydrolysis
is affected by the Bronsted acidity, controlled by the
hydration status of the clay.
Lewis acid sites on clays, which are interlayer tran-
sition-metal ions and Al or Fe atoms at crystal edges,
oxidize various kinds ofaromatic molecules in moderate
reaction conditions to form their cation radicals. Oli-
gomerization or polymerization proceeds through the
aromatic cation radical formed. Aromatic amines and
phenols that have low ionization potentials can be easily
oxidized on clays; these reactions may proceed chemi-
cally in soils.
Soil humic matter also participates in the chemical
transformation oforganic compounds in soil. A possible
importance of clay-humus complexes has been sug-
gested.
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